Research design and methods: Ten adults with type 1 diabetes participated in a non-randomized, non-blinded sequential AP study using the same SC glucose sensing and Zone Model Predictive Control (ZMPC) algorithm adjusted for insulin clearance. On first admission, subjects underwent closed-loop control with SC delivery of a fast-acting insulin analogue for 24 hours. Results: Percent of time spent within the 80 to 140 mg/dL range was significantly higher for IP delivery than for SC delivery: 39.8 AE 7.6 vs 25.6 AE 13.1 (P = .03). Mean BG (mg/dL) and percent of time spent within the broader 70 to 180 mg/dL range were also significantly better for IP insulin: 151.0 AE 11.0 vs 190.0 AE 31.0 (P = .004) and 65.7 AE 9.2 vs 43.9 AE 14.7 (P = .001), respectively. Superiority of glucose control with IP insulin came from the reduced time spent in hyperglycaemia (>180 mg/dL: 32.4 AE 8.9 vs 53.5 AE 17.4, P = .014; >250 mg/dL: 5.9 AE 5.6 vs 23.0 AE 11.3, P = .0004). Higher daily doses of insulin (IU) were delivered with the IP route (43.7 AE 0.1 vs 32.3 AE 0.1, P < .001) with no increased percent time spent <70 mg/dL (IP: 2.5 AE 2.9 vs SC: 4.1 AE 5.3, P = .42).
| INTRODUCTION
Clinical evaluations have shown that artificial pancreas (AP) systems using subcutaneous (SC) insulin delivery and SC glucose sensing with model-predictive control (MPC) algorithms are safe and effective. 1 However, controlling hyperglycaemia after meals remains an open challenge. 2 While subcutaneous (SC) insulin delivery is convenient and minimally invasive, it introduces delays to insulin action and clearance 3 that make tight control difficult. The hurdles to tight glycaemic control caused by these delays are so significant that many studies have added meal announcement with full or partial bolus triggered by the patient to improve postprandial glucose control, [4] [5] [6] [7] thereby trading-off autonomy for performance.
Intraperitoneal (IP) insulin delivery could address this major challenge and is a promising alternative to the conventional subcutaneous route. Delivering insulin to the intraperitoneal space results in faster pharmacokinetics/pharmacodynamics 8, 9 ; hence, it could be easier for an AP controller to quickly respond to glycaemic disturbances. Preliminary studies of closed-loop control using implanted insulin pumps have shown that this type of system is clinically feasible. [10] [11] [12] In addition to improved pharmacokinetics and pharmacodynamics, IP delivery also better mimics physiological insulin delivery by providing a higher insulin concentration in the portal system than in the peripheral system. There is some evidence to show that this difference results in better insulin/glucagon balance and glycaemic variability. 13, 14 Some recent studies 15, 16 indicate that prolonged use of IP infusion does not adversely affect insulin-like growth-factor-1 (IGF-1) concentrations, as observed with prolonged SC use. 17 The use of intraperitoneal insulin delivery also reduces frequency and severity of hypoglycaemic episodes. 18, 19 In this paper, we present a sequential study to compare closedloop zone MPC using the DiaPort IP insulin delivery system with the traditional SC insulin delivery method during a 24-hour in-clinic protocol. Our objective is to verify the hypothesis that closed-loop control with IP insulin delivery significantly outperforms SC delivery in terms of glycaemic regulation and expedited reaction to meal-related disturbances. 
| RESEARCH DESIGN AND METHODS

| Subjects
| Study design
The purpose of this study was to compare glycaemic control by a closed-loop AP using intraperitoneal insulin delivery vs subcutaneous insulin delivery. Each subject participated in two 24-hour admissions in a non-randomized, non-blinded sequential design. Because of the impossibility of returning to SC insulin delivery after the IP insulin infusion has started, in light of the risk of IP catheter occlusion, the subcutaneous admission needed to be performed before implantation of the DiaPort system; thus, all subjects underwent the 2 study admissions in the same order. The first admission evaluated the closed-loop system using SC fast-acting insulin analogue (Humalog, Eli-Lilly, Indianapolis, Indiana) delivery. The second admission, to evaluate the closed-loop system with IP regular insulin delivery, took place 4 to 20 weeks following implantation of the DiaPort system.
This waiting period allowed the subject to recover from surgery and acclimate to the new delivery route after specific pre-and postimplantation training before testing the closed-loop system. An overview of the study is provided online in Supporting Information ( Figure S1 ).
| DiaPort system
The DiaPort system (Second Generation, Roche Diagnostics, Mannheim, Germany) which is surgically implanted is composed of a catheter located in the peritoneal space and fixed to a metallic body attached to the skin. 20 A membrane and polyester felt aim to prevent skin infections. Patient skin grows on the felt and works as a barrier.
The port, which sticks up 2 to 3 mm from the skin, can connect to 
| Procedures
The study protocol was approved by the Comité de Protection des Personnes Sud-Méditerranée IV, Montpellier, France and was registered in ClinicalTrails.gov under NCT01555788. Screening visits were conducted to verify that inclusion and exclusion criteria were satisfied and to obtain informed consent. Subjects attended the clinical centre for an outpatient visit 48 to 72 hours before each admission for sensor insertion. This visit also allowed assessment of whether subjects presented with major glucose variability that would affect closed-loop glucose control and to record the following parameters:
24-hour basal rate, correction factor (blood glucose change according to 1 unit of insulin delivery), insulin-to-carbohydrate ratio (amount of insulin needed to cover an oral intake of 10 g carbohydrates), total daily insulin dose, which will serve as inputs for the MPC controller.
On each investigation day, subjects were admitted to the clinical research centre and the closed-loop protocol began approximately 2 hours following admission. The subjects remained on closed-loop control for 24 hours before the system was disconnected and they were discharged from the clinical centre. The overall timeline of admissions over 24 hours is provided in Figure S2 .
| Meals
The trial included 3 meals: a 70 g-carbohydrate (CHO) dinner at 7:00 PM, a 40 g-CHO breakfast at~8:00 AM and a 70 g-CHO lunch at~1:00 PM. Although well standardized for the study, these CHO amounts were close to those common to the patients in daily life.
The meals were unannounced and no meal bolus was provided; all insulin delivery was in reaction to detected increases in blood glucose concentration by the CGM unit.
| Closed-loop system
The closed-loop algorithm adopted to control insulin delivery in this study was Zone Model Predictive Control (ZMPC). 21 This control strategy uses a model of insulin action 22 to calculate the optimal insulin dose necessary to drive the measured glucose concentration within a desired zone of 80 to 140 mg/dL (4.4-7.7 mmol/L). The details of the design and in-silico evaluation of the controller used in this study for IP insulin delivery can be found in the literature 23 ; note that this model is a first approximation of IP delivery and was fitted on clinical data by modifying the transfer function poles to reflect the rapidity of the IP dynamics.
The platform for the controller was the Artificial Pancreas System (APS) operating on a laptop computer. 24 Subjects wore 2 Dexcom Seven Plus CGM systems (Dexcom, San Diego, California); however, only 1 sensor was used during the study while the second was scheduled as backup in case of failure of the first. In both admissions, insulin was delivered by an Accu-chek Spirit Combo pump; for the SC phase of the study, infused insulin was a fastacting insulin analogue whereas, for the IP phase, infused insulin through the DiaPort system was regular insulin. The APS received a CGM measurement every 5 minutes; the controller then computed the optimal insulin dose and transmitted the amount to be delivered via Bluetooth to the pump.
| Safety and monitoring
Throughout the study, a clinician was present to monitor the glucose signal and insulin delivery, as well as to advise the subject on use of the system. Venous blood was drawn every hour except around meals, when it was drawn 15, 10 and 5 minutes prior to the meal and 5, 10, 20, 30, 40, 50, 60, 80, 100 and 120 minutes after the meal.
The samples were analysed using a YSI STAT 2300 PLUS (Yellow Springs, Ohio) blood glucose analyser. These venous measurements were used by the clinicians to verify measurements made by the CGM and to provide a safeguard against hypoglycaemia. Note that the YSI measurements were not available to the controller. The total insulin in the serum samples was measured using a radio-immunologic method (bi-insulin immuno-radiometric assay, Schering CIS bio international, Gif sur Yvette, France) in the Nuclear Medicine Department of Montpellier University Hospital.
To prevent hypoglycaemia, the Health Monitoring System (HMS) 25 was active throughout each study. In the case of predicted hypoglycaemia, a message was triggered to advise the subject to consume 16 g of oral CHO. The suggestion to treat with oral CHO was accepted or rejected at the discretion of the study physician. The HMS alarms were disabled for 3 subjects during the SC study and 4 subjects during the IP study because of human error. During all studies, the physician monitored the CGM trace and subject status for signs of hypoglycaemia. Patients with YSI plasma glucose less than 60 mg/dL were treated with approximately 15 g of glucose (juice or glucose tablets), and YSI plasma glucose was reassessed every 15 minutes until BG exceeded 70 mg/dL. The study physician also monitored for hyperglycaemia by performing a urine ketone test in cases of YSI plasma glucose exceeding 250 mg/dL. The pump would then be checked for catheter occlusion and to ensure that the algorithm was delivering insulin doses properly.
| Statistical analysis
No sample size calculation was performed for this pilot study.
Because of the higher accuracy and satisfactory temporal resolution of data collection, we performed statistical analysis on the YSI data obtained. All statistical data are presented in a mean AE one standard deviation format unless explicitly stated otherwise. The differences between each metric were compared using non-parametric Wilcoxon rank-sum tests because of the small number of samples. MATLAB 2016a software (Mathworks, Inc., Natick, Massachusetts) was used for all analyses. Note that a P-value <.05 is considered statistically significant.
3 | RESULTS
| Participants
Ten subjects, whose main individual characteristics are presented in in terms of hyperglycaemia management, while maintaining lower statistical dispersion among subjects. The maximum BG for each subject was, on average, 75 mg/dL less during the IP admission than during the SC admission, which is a statistically significant difference (P < .01). Additional metrics are provided in Table S1 . 
| Insulin delivery
The temporal variations in BG and delivered insulin over 24 hours are provided in Figure 2 . Specifically, we illustrate the median BG and the median delivered insulin on the subplots (A) and (C) for the IP delivery system along with the interquartile range. The corresponding data for the SC system are shown in subplots (B) and (D FIGURE 1 Percent of time in different glycaemic ranges based on YSI measurements during closed-loop control with intraperitoneal (IP) insulin delivery (blue) and subcutaneous (SC) insulin delivery case (red), with statistically significant difference between data shown using black asterisks ("*"). A, Data for the entire study; B, data from start of dinner to 5 hours after dinner; C, data from start of breakfast to 5 hours after breakfast; D, data from start of lunch to 5 hours after lunch; E, data on overnight period 
| Safety
The health monitoring system (HMS) algorithm was active during each study. The Health Monitoring System was unintentionally disabled for Subjects 6, 7 and 9 in the SC study and for Subjects 4, 8, 9 and 10 in the IP study; this is explained by human error. During the IP study, there was an average of 4.7 AE 2.7 logged rescue CHO treatments per subject, while during the SC study there were 3.0 AE 3.1 logged treatments per subject (P = .16). The minimum BG was 65 AE 22 mg/dL when SC delivery was used, and was 64 AE 15 mg/dL when IP delivery was used.
| DISCUSSION
In this study, we assessed an AP that combines IP insulin delivery with ZMPC control algorithm and SC glucose sensing, aiming at full automation, for example, with no meal announcement. Use of an IP insulin delivery resulted in superior glucose control as compared to the same AP system using an SC insulin delivery. Indeed, the percent of time spent in the 80 to 140 mg/dL glucose range, which was the primary study endpoint, also considered as the optimal goal of diabetes therapy, as well as the percent of time in the broader 70 to 180 mg/dL range reported in most AP studies were significantly greater and the mean blood glucose level was more frequently in, or closer to, the normal range when insulin was infused intraperitoneally.
If sustained for 2 to 3 months in normal life, this improvement in glucose control with AP using IP insulin could result in lower HbA1c levels. Of note, even in open-loop mode, IP insulin infusion from implantable insulin pumps has been reported as allowing lower HbA1c levels than CSII. 27 IP infusion using the DiaPort system was not shown to reduce HbA1c levels significantly as compared with CSII, but occurrence of severe hypoglycaemia was dramatically reduced. 19 Improved control with IP insulin delivery resulted from significantly reduced time spent above 180 mg/dL. Of note, we used a ZMPC algorithm in the current study that is close to the control algorithms used in most recent AP studies with SC insulin infusion. The percent of time spent in the 70 to 180 mg/dL glucose range that we obtained in the current study while using SC insulin is similar to that reported in the AP studies using SC insulin with no meal announcement. 2 This result supports the effectiveness of our ZMPC algorithm while our patients were included, using criteria of poor glucose control that are not usually met in reported AP studies. Indeed, in the vast majority of reported AP trials with SC insulin infusion, patients who experienced severe hypoglycaemia during the previous months were excluded, whereas, in the present work, most patients reported at least one severe hypoglycaemic episode per month before the study. Hence, the superiority of glucose control in closed-loop mode with IP insulin delivery can be attributed to the uniqueness of this route of infusion. 9 As shown by our data on plasma insulin ( Figure S3 ), IP insulin resulted in an earlier post-meal peak than did SC insulin. However, plasma insulin levels were otherwise very similar with SC or IP insulin. This observation can be related to the quicker absorption of IP-infused insulin and the specific distribution of similarly infused insulin that occurs primarily to the liver via the portal Table S2 . As the modeling effort generates high fidelity approximation of IP dynamics, the control performance with IP insulin delivery is expected to improve further, and the quantity of rescue carbohydrates should reduce. In terms of implementation of AP systems using IP insulin, a current limitation relates to the limited use of intraperitoneal insulin for diabetes therapy. 27 Although the interest of this mode of therapy has been highlighted recently for patients who fail in controlling diabetes with SC insulin, 28 implantable insulin pumps using the IP route and the DiaPort system remain available only in a few European countries. Of note, the second generation of DiaPort which was used in the present study has recently been reported to be associated with less frequent adverse events 20 than that of the first generation. 19 However, to know how this second generation of the DiaPort system will compete with implantable insulin pumps for IP insulin delivery requires further studies. 29 Altogether, the DiaPort system and the implantable pumps using IP delivery provide similar glucose control. DiaPort systems allow easier management by patients, which is close to CSII, whereas implanted pumps involve constraints related to the need for tighter and more expensive medical follow-up and management. However, infections at the port implantation site remain the main adverse event associated with DiaPort use. Under-delivery events represent the key burden of implantable pumps, although they can be overcome in most cases by rinsing procedures of the pump with NaOH solutions in order to solubilize insulin aggregates. 29 Whether the currently developed faster-acting insulin analogues for SC use can mimic the pharmacokinetics and pharmacodynamics of IP-delivered insulin, and then improve glucose control in AP studies, remains to be investigated. Of note, insulin distribution in the body, including a first liver pass, will remain a specificity of IP insulin delivery.
Meanwhile, it has been established recently that the glucosesensing dynamics are considerably improved in the intraperitoneal space, 30 which can be attributed to physiological advantages that the intraperitoneal space provides. For example, the peritoneal cavity is heavily laden with blood vessels that are unaffected by perturbations in temperature, external fluctuations and reduced blood flow during sensing. 31, 32 In fact, the authors report that the sensing dynamics in the IP space are twice as fast as those of the subcutaneous space, making it a strong contender in future glucose-sensing technology.
Hence, combining IP insulin infusion and IP glucose sensing could provide solutions of problems of delay that have thus far limited the development of fully-automated AP systems.
